The transcription factor superfamily, APETALA2/ethylene response factor, is involved in plant growth and development, as well as in environmental stress responses. Here, an uncharacterized gene of this family, AtERF019, was studied in Arabidopsis thaliana under abiotic stress situations. Arabidopsis plants overexpressing AtERF019 showed a delay in flowering time of 7 days and a delay in senescence of 2 weeks when comparison with wild type plants. These plants also showed increased tolerance to water deficiency that could be explained by a lower transpiration rate, owing to their smaller stomata aperture and lower cuticle and cell wall permeability. Furthermore, using a bottom-up proteomic approach, proteins produced in response to stress, namely branched-chain-amino-acid aminotransferase 3 (BCAT3) and the zinc finger transcription factor oxidative stress 2, were only identified in plants overexpressing AtERF019. Additionally, a BCAT3 mutant was more sensitive to water-deficit stress than wild type plants. Predicted gene targets of AtERF019 were oxidative stress 2 and genes related to cell wall metabolism. These data suggest that AtERF019 could play a primary role in plant growth and development that causes an increased tolerance to water deprivation, so strengthening their chances of reproductive success.
Introduction
Water deficit is considered the most serious environmental factor limiting crop productivity worldwide (Boyer, 1982) . Water-deficit stress triggers responses ranging from changes in gene expression patterns to changes in metabolism and plant growth. These responses can be adaptive, such as inhibition of lateral root growth (Xiong et al., 2006) , but they can also promote survival, such as regulating cell proliferation and expansion (Claeys and Inzé, 2013) . Under water-deficit stress plants arrest shoot growth, a process that involves cell wall synthesis and remodeling (Tenhaken, 2015) . Other effects of water limitation in plants include decreased transpiration and photosynthesis (Boyer and Bowen, 1970) and foliar senescence (Buchanan-Wollaston et al., 2003; BuchananWollaston et al., 2005) . The induction of leaf senescence by water deficiency contributes to plant survival since nutrients from senescent leaves are transported to young leaves and reproductive organs. Furthermore, non-productive leaves are eliminated by abscission, causing a reduction of water loss by transpiration. Plants therefore use senescence as a strategy to withstand stress conditions (Munné-Bosch and Alegre, 2004; Lers, 2007) . Suppression of drought-induced leaf senescence was previously observed in transgenic plants expressing a gene encoding an isopentenyltransferase (Rivero et al., 2007) . This demonstrated the existence of a relationship between water-deficit stress and senescence.
Plants respond to unfavorable environments by expressing stress-related genes such as transcription factors to survive, grow and reproduce (Osakabe et al., 2014) . Altering the expression of transcription factors in plants through genetic engineering can affect several signaling pathways and improve abiotic stress tolerance (Wang et al., 2016) . In a previous study, it was found that members of common transcription factor families were highly induced when Arabidopsis thaliana plants were treated with methyl viologen, a superoxide anion propagator generated during photosynthesis (Scarpeci et al., 2008) . Among these transcription factors was a member of the APETALA2 (AP2)/ethylene response factor (ERF) family, AtERF019. AtERF019 showed the highest induction after oxidative stress (Scarpeci et al., 2008) . AtERF019 transcripts were also induced by hydrogen peroxide as shown in genome-wide transcriptomic analyses of a catalase loss-of-function mutant exposed to high light stress (Vanderauwera et al., 2011; Inze et al., 2012) . These findings indicate that AtERF019 plays a role in oxidative stress, although its function is so far uncharacterized. AP2/ERF transcription factors are involved in growth, development and hormone responses, with most of them also helping to regulate responses to biotic and abiotic stress (Abogadallah et al., 2011; Mizoi et al., 2012; Licausi et al., 2013; Cao et al., 2015) . AP2/ERF transcription factors function in drought and high salinity (Fujimoto et al., 2000) , and their overexpression in transgenic plants can confer tolerance to salt and pathogens (Park et al., 2001) . These transcription factors contain AP2/ERF-type DNA binding domains, and family members are encoded by 147 loci in Arabidopsis (Sakuma et al., 2002; Nakano et al., 2006) . Based on conserved motifs outside the DNA-binding domain, the ERF transcritption factor family can be further divided into several distinct groups (Sakuma et al., 2002; Nakano et al., 2006; Licausi et al., 2013) . Group II/A-5 contains stress-inducible genes in Arabidopsis (Mizoi et al., 2012) , and its members are further classified into three subgroups, IIa, IIb, and IIc (Nakano et al., 2006) . In addition to the AP2/ERF domain, subgroup IIa members contain a motif called CMII-2 at their C-terminus, which is similar to the ERF-associated amphiphilic repression (EAR) motif. The CMII-2 motif enables transcriptional repression of downstream target genes (Nakano et al., 2006 , Li et al., 2011 . Members of subgroup IIa, such as RAP2.1, RAP2.9 and RAP2.10, were reported to be transcriptional repressors that modulate stress responses (Tsutsui et al., 2009; Dong and Liu, 2010; Amalraj et al., 2016) . Characteristic of subgroups IIb and IIc is the absence of the CMII-2 motif (Nakano et al., 2006) . AtERF019 belongs to subgroup IIc together with At1g71520, the closest homolog in Arabidopsis (Nakano et al., 2006) . The EAR motif is also present in members of group VIIIa, such as in the repressor ERF11 (Ohta et al., 2001; Dubois et al., 2015; Zhou et al., 2016) . Ectopic overexpression of ERF genes led to growth impairment in several cases, but in others it led to improved performance in terms of survival and yield when subjected to stress treatments (Licausi et al., 2013) . In particular, overexpression of ERF6, a member of subgroup IXb of the ERF family, caused dwarfism. However overexpression of ERF11 antagonized this effect (Dubois et al., 2015) , providing a mechanism to maintain the balance between plant growth and stress tolerance upon exposure to stress.
The aim of this study was to investigate the function of AtERF019 under abiotic stress in Arabidopsis. Plants overexpressing AtERF019, refered to hereafter as ERF019 lines, showed slower plant growth and development, delayed natural senescence, and enhanced drought tolerance when compared with wild type plants, refered to hereafter as Col-0. To further investigate the different drought response of ERF019 plant lines and Col-0 a bottom-up proteomic analysis was performed. Differences in protein expression were particularly evident for proteins known to be produced in response to stress and proteins related to cell wall metabolism. Among proteins associated with stress were the branched-chainamino-acid aminotransferase 3 (BCAT3) and the zinc finger transcription factor oxidative stress 2 (OSX2). Regarding cell wall metabolism, the following enzymes were identified as more abundant in ERF019 plant lines when comparison with Col-0 under control or water-deficit stress conditions: methylenetetrahydrofolate reductase 2 (MTHFR2); callose synthase 12 (CalS12); endoglucanase 25 (also known as KORRIGAN) and β-Galactosidase 10 (AtBGAL10). Additionally, the genes encoding these proteins, with the exception of BCAT3, are all predicted targets of AtERF19.
Materials and Methods

Plant material
Arabidopsis thaliana (L.) Heynh. Col-0 seeds were sown in soil in 10 cm pots or 0.5x Murashige and Skoog (MS) medium (Sigma, St Louis, USA) containing 0.8% (w/v) agar. They were grown in a controlled environment chamber under a 16 h light/8 h dark photoperiod using fluorescent light at 120 µmol m −2 s −1 at 23 ± 2 °C and a relative humidity of 65-70%.
AtERF019 cloning and plant transformation PCR was used to amplify the AtERF019 coding region using Arabidopsis Col-0 flower cDNA as template and two specific primers (see Supplementary Table S1 at JXB online). To generate the ERF019 construct, sequence fidelity of AtERF019 cDNA was confirmed by DNA sequencing (at the University of Maine DNA sequencing facility, USA, Orono, ME) and it was inserted downstream of the cauliflower mosaic virus (CaMV) 35S promoter in a modified pGreen 0229 binary expression vector using PacI and PmeI sites (Skirycz et al., 2006) . Agrobacterium tumefaciens strain GV3101 (pMP90) was transformed with this construct and used to obtain transgenic Arabidopsis plants using the floral dip procedure (Clough and Bent, 1998) . Selection was performed on plants growing in soil by spraying 5-day-old seedlings with a 300 µM Basta (glufosinate ammonium, Sigma) working solution. The treatment was repeated twice at three day intervals. Segregation analysis was performed using the Chi-square statistical test to select those lines with one T-DNA copy. Homozygous T3 transgenic lines were used for these studies.
Quantitative real-time PCR (qPCR)
Total RNA was extracted from leaves of Col-0 and ERF019 plants using TRIzol (Invitrogen Life Technologies, Argentina) following the manufacturer's procedure. Quality and quantity of RNA, as well as RNA reverse transcription and qPCR, were performed as previously described (Scarpeci et al., 2013) . The primers used are listed in Supplementary Table S1 .
Chlorophyll fluorescence Three-week-old plants of Arabidopsis were dark-adapted for 30 min before measurements. Chlorophyll fluorescence was measured at 23 °C employing a Qubit Systems Inc. pulse-modulated fluorometer (Kingston, Canada). The maximum quantum efficiency, Fv/Fm, was calculated as described (Baker and Rosenqvist, 2004) .
Stomatal aperture
For measurements, the third and fourth leaf from 21-day-old plants of ERF019 and Col-0 were used, grown under optimal conditions of temperature and humidity. Silicon rubber impressions were taken from leaves by mixing equal parts of silicone impression material and hardener (Zhermack, Marl, Germany) and immediately applied to the abaxial surface of the leaves using minimal pressure (Weyers and Johansen, 1985) . After hardening, a positive impression was made covering the silicone imprints with a thin layer of nail varnish and leaving it to dry for at least 1 h and then placing the positive impression on a glass slide. Photographs of stomata were taken using a light microscope (Olympus BH-2, Tokyo, Japan). The width and length of 30-40 stomatal apertures in ten leaves for each line were measured with the image processing software Image J (http://imagej. nih.gov/ij/). The ratios between these measurements were calculated, averaged, and statistically analyzed using a one-way ANOVA test. Ten plants per genotype were tested, and the experiment was performed twice. Photographs were taken two days after re-watering and the survival rates of ERF019 lines and Col-0 were calculated. A z-test for proportions (Sprinthall, 2002) was used to test the statistical difference in survival rate between Col-0 and ERF019 lines.
Water-deficit stress survival analysis
Dark-induced leaf senescence
Dark-induced senescence triggered in Arabidopsis was performed with plants grown in soil or MS, as described above, following published procedures (Ülker et al., 2007; Yang et al., 2011) with modifications. For plants grown in soil (Ülker et al., 2007) , rosettes of 21-day-old plants were excised and placed into microtiter plates on sterile filter paper moistened with water. The plates were kept in darkness for three days at 22 °C. For plants grown on MS-agar (Yang et al., 2011) 10-day-old seedlings were transferred to complete darkness for six days in the growing chamber.
Determination of pigment content
Pigments were extracted from leaves with 96% (v/v) ethanol. The supernatant was used to measure chlorophyll a, chlorophyll b and carotenoids content (Lichtenthaler et al., 1986) .
For chlorophyll leaching assays, roots and inflorescence stems of four-week-old plants were cut off and the remaining rosette was weighed, put in tubes containing 20 mL of 80% ethanol and 10 mM MES pH 5.8 at room temperature and gently agitated in the dark. Fifty microliters were removed from each sample every 20 min. Absorbance measured at 665 and 645 nm was used to calculate micrograms of total chlorophyll per gram of FW of tissue.
Determination of proline content
Proline was determined according to (Bates et al., 1973) with modifications. Twenty milligrams of Arabidopsis leaves were extracted twice with 80% (v/v) ethanol with 10 mM MES pH 5.9 and once with 50% (v/v) ethanol with 10 mM MES pH 5.9. Each extraction step was performed for 30 min at 80 °C and the supernatants were combined. For Pro determination, 100 µL of the ethanol extract or Pro standard were mixed with 100 µL ninhydrin reagent [1% (w/v) ninhydrin in 60% (v/v) acetic acid] and heated at 95 °C for 20 min. Absorbance measured at 520 nm was used to calculate µmol of Pro per gram of FW tissue.
Protein blot analysis
For extraction of soluble proteins, leaves were homogenized with 50 mM potassium phosphate pH 7.5, 1 mM phenylmethylsulfonyl fluoride, 15% (v/v) glycerol and 2% (w/v) polyvinylpolypyrrolidone. Proteins in solution were quantified spectrophotometrically using Coomassie brilliant blue G250 dye (Sigma) and BSA as the standard for the calibration curves (Sedmak and Grossberg, 1977) . Leaf proteins were resolved on 12% SDS-PAGE, transferred to nitrocellulose membranes and immunoreacted with polyclonal antibodies raised against glutamine synthetase (GS) (Scarpeci et al., 2007) or stained using Coomassie brilliant blue R250 (Sigma). Densitometric analyses were done using Image J software (http://imagej.nih.gov/ij/).
Native PAGE and activity staining
Extraction of soluble proteins for superoxide dismutase (SOD) activity was done according to a published procedure (Gupta et al., 1993) . Twenty-five micrograms of soluble protein from leaf extracts were subjected to native PAGE. SOD activity was assayed in the gel according to (Beauchamp and Fridovich, 1971) .
Controlled water-deficit stress treatment
Water-deficit stress was applied according to (Hummel et al., 2010) with modifications. Seeds of Col-0 and ERF019 lines were sown in 200 mL cylindrical plastic pots filled with soil. Each pot was weighed daily and its soil water content kept constant at a control level of 0.35 to 0.40 g water g −1 dry soil at 100% humidity. Twenty-one days after sowing, half of the plants were kept well-watered until they were harvested (control plants), while for the other half irrigation was stopped until the soil water content reached a target of 65 to 70% humidity, corresponding to a moderate water deficit. Once the target soil water content was reached, it was kept constant with daily watering. After fifteen days, pools of 4-5 plants of control or treated plants were harvested at the end of the photoperiod, frozen in liquid nitrogen, and later used for protein extraction and determination of pigment and proline contents.
Protein extraction under denaturing conditions
Approximately 0.5 g of leaves were ground in liquid nitrogen using a mortar and pestle, transferred to a tube containing 1.25 mL of extraction buffer [100 mM Tris-HCl, pH 8.8, 2% (w/v) SDS, 0.4% (v/v) 2-mercaptoethanol, 10 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, and 0.9 M sucrose] and 1.25 mL of phenol saturated with ice-cold Tris-HCl at pH 8.8 (Invitrogen, Buenos Aires, Argentina), and then agitated at 4 °C for 30 min. Tubes were centrifuged at 20 000 × g for 10 min at 4 °C. The phenolic phase was transferred to a new tube, leaving the interface intact. The aqueous phases were back extracted with 1 mL extraction buffer and 1 mL phenol, vortexed and the tubes then centrifuged at 20 000 × g for 10 min at 4 °C. The phenolic phase was combined with the previous phenolic phase. Proteins were precipitated with 5 volumes of 0.1 M cold ammonium acetate in methanol at -20 °C overnight. Samples were collected by centrifugation at 20 000 × g at 4 °C for 20 min. Next, the pellet was washed twice with 1.5 mL of 0.1 M cold ammonium acetate in methanol and once with 70% (v/v) cold methanol. Finally, the pellet was dried and solubilized in a buffer containing 4% SDS, 100 mM Tris-HCl, pH 7.5 and 10 mM DTT.
Gel-based proteomic analysis
The procedure developed by (Bumpus et al., 2009 ) was followed with modifications. An aliquot of the total protein extract (15 μg) was loaded onto an SDS-PAGE gel (Tris-HCl gradient gel, 4 to 20%, Biorad, California, USA). The gel was silver stained (Thermo Fisher, Massachusetts, USA), each gel lane cut with a razor blade into 12 bands and then chopped into small pieces. These gel samples were destained (Thermo), reduced with 10 mM DTT (Sigma), alkylated with 55 mM iodoacetamide (Sigma) and digested with trypsin (Promega, Madison, USA). Peptides were extracted, dried down and resuspended in 30 µL 5% acetonitrile and 0.2% formic acid. Peptide products were analyzed by reverse phase nanoLC-MS/MS Velos Orbitrap (Thermo Fisher). Protein identification was achieved by reference to the TAIR 8 database using Mascot and Scaffold softwares. Proteins were identified using Scaffold software. Data was estimated to have a 0.1% false discovery rate (FDR) at the protein level and 0.3% FDR at the peptide level.
Software and data analyses
The mass spectrometry RAW files were processed with Crawler software (Neil Kelleher Research Group, Northwestern University, USA) to assign masses. Using this program, both the intact masses and the corresponding fragment masses were determined and these data searched against an Arabidopsis proteome database. Extensive statistical workups were also performed using several FDR estimation approaches, with both concatenated and non-concatenated decoy databases.
Tandem mass spectrometry samples were analyzed using Mascot (Matrix Science, London, UK). Mascot was set up to search the SwissProt_2012_06 database, with 11247 entries when selected for Arabidopsis thaliana. Mascot was searched with a fragment ion mass tolerance of 0.80 Da and a parent ion tolerance of 10.0 ppm. Iodoacetamide derivative of cysteine was specified in Mascot as a fixed modification. Oxidation of methionine and phosphorylation of serine, threonine and tyrosine were specified in Mascot as variable modifications.
Scaffold (version Scaffold_3.6.1, Proteome Software Inc., Portland, USA) was used to validate tandem mass spectrometrybased peptide and protein identifications. Peptide identifications were accepted if they could be established at greater than 95.0% probability as specified by the Peptide Prophet algorithm (Keller et al., 2002) . Proteins were considered positively identified if a 99.0% probability of correct identification could be established in at least two unique peptides. Protein probabilities were assigned by the Protein Prophet algorithm (Nesvizhskii et al., 2003) . Proteins that contained similar peptides and could not be differentiated based on tandem mass spectrometry analysis alone were grouped to satisfy the principles of parsimony.
Statistical analysis
Experimental data were subjected to z-test or ANOVA analysis with lines as factors, followed by a Holm-Sidak or Dunnett significant difference post hoc test using Sigma Plot software (version 11.0).
A P value less than 0.05 was considered statistically significant. Model assumptions were tested by analysis of residuals. All experiments were done at least three times.
Results
Phenotypic characterization of transgenic Arabidopsis plants overexpressing AtERF019
To assess the function of the transcription factor AtERF019, transgenic Arabidopsis plants that constitutively express AtERF019 (At1g22810) under the control of the CaMV 35S promoter were generated. More than 20 independent ERF019 lines were obtained; four T3 homozygous ERF019 lines with a higher level of AtERF019 transcripts than Col-0 were selected for further studies (Fig. 1A and B) . It is worth mentioning that the level of endogenous AtERF019 expression under optimal growth conditions in Col-0 plants is very low, as previously shown by Northern blot analysis (Scarpeci et al., 2008) . Consequently the contribution of endogenous AtERF019 transcripts to the qPCR values is negligible compared to the level of AtERF019 transgene expression. Under optimal growth conditions, these ERF019 lines showed downward leaf curling and smaller rosette size compared with Col-0 plants (Fig. 1A, Supplementary Fig. S1 ). This observation was corroborated by measuring the FW of 21-day-old plants grown under optimal conditions (Fig. 1C ). ERF019-6 and ERF019-7 plant lines had significantly lower FW than Col-0 plants at 35 ± 3 mg and 57 ± 3 mg, respectively). The alterations in leaf development observed in ERF019 lines led us to analyze the complexity of cotyledons venation according to the classification carried out by (Semiarti et al., 2001) . Among Col-0 cotyledons, 80% were classified as type I and 20% as type II (see Supplementary Fig. S2A ). By contrast, 59% of ERF019-6 cotyledons and 48% of ERF019-7 cotyledons were of type II. None of the lines analyzed presented type III cotyledons ( Supplementary Fig. S2A ). Another characteristic of ERF019 lines was a significant reduction in the angle formed between the silique and the inflorescence stem in relation to Col-0 plants ( Supplementary Fig. S2B ). Concerning pigment levels, there were no statistically significant differences in chlorophyll and carotenoids levels among the plants analyzed except for the ERF019-8 line that presented a significantly higher level of chlorophyll a in 15-dayold plants and chlorophyll a and chlorophyll b in 30-day-old plants (see Supplementary Fig. S3 ).
Effects of AtERF019 overexpression on natural senescence and dark-induced leaf senescence
AtERF019 overexpression extends the duration of vegetative growth by 7 days in comparison to Col-0 plants and therefore increases the number of leaves formed before flower development ( Supplementary Fig. S1 ). Additionally, the overexpression of AtERF019 delayed the onset of leaf senescence and extended the lifespan of the plants by approximately 2 weeks compared with that of Col-0 plants ( Fig. 2A) . This observation was evaluated by measuring different senescence-associated physiological markers, such as chlorophyll and soluble protein content as well as Rubisco large subunit (LSU) and glutamine synthetase levels. Photosynthetic pigments were measured on a DW basis in 63-day-old plants. All ERF019 lines, except ERF019-4, showed statistically significant higher levels of chlorophyll content when compared with Col-0 plants (Fig. 2B ). There were no statistically significant differences in carotenoids levels among the plants analyzed (data not shown). Besides chlorophyll depletion, protein depletion is an important senescence marker (Dangl et al., 2000) . Total protein content was determined in 63-day-old leaves of ERF019 and Col-0. ERF019-8 and ERF019-7 lines showed the highest protein content (25 ± 3 and 22 ± 2 mg protein g −1 DW, respectively) compared to Col-0 (9 ± 1 mg protein g −1 DW) (Fig. 2C) . Rubisco is the most abundant protein in leaves and its degradation starts at the onset of senescence to generate source of nitrogen. The level of Rubisco in senescent plants was analyzed by SDS-PAGE of leaf extracts on a DW base (Fig. 2D) . Rubisco LSU levels were higher in ERF019 lines in comparison to Col-0 plants. ERF019-8 showed the highest band intensity, followed by ERF019-7, ERF019-6, and ERF019-4 plant lines.
In parallel, these leaf extracts were used in an immunoblot assay to detect levels of the glutamine synthetase isoforms, GS1 (cytosolic isoform) and GS2 (chloroplastic isoform) (Fig. 2E) . Densitometry analysis revealed that leaves of ERF019-6, -7 and -8 lines had twice the levels of GS2 when compared with ERF019-4 and Col-0 plants. Relative to GS1, GS2 band intensity was two-fold higher in ERF019-6, -7 and -8 lines and two-fold lower in ERF019-4. In Col-0 plants, GS1 and GS2 levels were similar to each other but relative to ERF019 lines were lower (Fig. 2E) .
To corroborate the delay in natural senescence observed in ERF019 lines, dark-induced senescence assays were performed with 21-day-old plants of Col-0 and transgenic lines grown in soil. After three days in darkness, Col-0 plants showed a severe yellowing while ERF019 lines had a slight discoloration. Additionally, total chlorophyll content (Fig. 3A) and Rubisco LSU (Fig. 3B) were higher in transgenic plants than in Col-0 plants, with ERF019-8 showing the highest values. There was no change in carotenoids levels in the different plants analyzed (data not shown). To examine whether this phenotype depends on the developmental stage of the plant, seedlings grown on 0.5x MS-agar for ten days were placed in darkness in the plant growth chamber for six days. No significant differences in the chlorophyll content of the aerial plant tissues were detected between the transgenic and Col-0 plants (see Supplementary Fig. S4 ).
ERF019 plants showed increased tolerance to water-deficit stress
The expression level of AtERF019 under different conditions was explored using the GENEVESTIGATOR database (Zimmermann et al., 2004) . AtERF019 is highly induced in Arabidopsis by biotic and abiotic treatments such as the introduction of a bacterial elicitor, water-deficit or unfavourable salt conditions (see Supplementary Fig. S5 ). The abilty of ERF019 plants to tolerate water-deficit stress was therefore examined by exposing 21-day-old ERF019 and Col-0 plants to dehydration. Plants exposed to water-deficit stress for 12 days (Fig. 4A) were used for Fv/Fm measurements to determine photosynthetic activity. ERF019 lines showed significantly higher photosynthetic activity when comparison with Col-0 plants (Fig. 4B) . At 17 days of dehydration, damage became evident and plants were re-watered. After two days of recovery, survival percentage was scored (Fig.  4B) . The percentage of plants that survived the water-deficit stress was higher in ERF019-8, ERF019-7 and ERF019-6 lines at 100%, 90% and 80%, respectively, when compared with Col-0 plants of which 23% survived. There was no difference in survival percentage between Col-0 and ERF019-4 (P = 0.894).
Based on the above results, stomata from leaves of ERF019 and Col-0 were analyzed under optimal growing conditions. Col-0 plant stomata were significantly more open than stomata of ERF019 lines (Fig. 4C) . The average stomatal aperture ratio (width/length) in ERF019 lines ranged from 0.09 to 0.11, while the mean stomatal aperture in Col-0 was around 0.23. The density of guard cells, counted per unit area, was not different between ERF019 lines and Col-0 plants (data not shown).
Cuticular and cell wall permeability may contribute to enhanced water-deficit stress tolerance. We therefore assayed chlorophyll leaching in ERF019 lines. This technique is frequently used to examine cuticle/cell wall permeability alteration in leaves (Chen et al., 2003) . Compared with Col-0 plants, chlorophyll was extracted more slowly from all ERF019 plants lines, with the exception of the ERF019-4 line (Fig. 4D) .
Comparative proteomic analysis of Col-0 and ERF019-7 plant leaves under optimal and water-deficit conditions
Arabidopsis plants were subjected to a controlled waterdeficit treatment that consisted of withholding water from 21-day-old plants by maintaining the soil humidity at a target level corresponding to a moderate water deficit for 15 days. To confirm the efficacy of the water-deficit stress treatment, analyses of pigment content, proline levels, and SOD activity were carried out (see Supplementary Fig. S6 ). Higher chlorophyll content was detected in the ERF019-7 line relative to Col-0 in both control and water-deficit stress conditions, but no changes were observed between treatments in all lines (Supplementary Fig. S6A ). Proline levels were similar in Col-0 and ERF019-7 under control conditions. When these plants were subjected to water stress, proline levels increased almost three-fold in Col-0 but no significant change was observed in the ERF019-7 line (Supplementary Fig. S6B ). Comparing the four samples, no differences in SOD activity levels were detected ( Supplementary Fig. S6C ).
Plants of Col-0 and ERF019-7 that were subjected to this controlled water-deficit stress treatment and grown under optimal conditions were used to perform bottom-up proteomics. We decided to use ERF019-7 in preference to the other transgenic lines as this line showed an intermediate phenotype that is consistent with the level of AtERF019 overexpression. The total number of proteins identified from these samples was 998 (see Supplementary Table S2 ). Proteomic data sets were also interpreted using the MapMan bin system for functional classification (Thimm et al., 2004) . We were able to functionally categorize all of the proteins identified (see Supplementary Fig. S7 ). The functional category with the second highest number of proteins was the stress and redox homeostasis (Supplementary Fig. S7 ).
Comparison analyses were performed between the proteomes of Col-0 and ERF019-7 in both control and waterdeficit stress conditions and presented using a four-way Venn diagram that shows all of the 15 possible overlaps between datasets (Fig. 5A) . Proteins that are unique to each sample are also listed (Fig. 5B) . Eleven proteins were detected solely in the ERF019-7 control sample and four only in the water-deficit stress samples of ERF019-7. Among them were stress-related proteins such as chloroplastic betaine aldehyde dehydrogenase 1 (ALDH, Q9S795), reticulon-like protein B2 (RTNLB2, Q9SUT9); BCAT3 (Q9M401), the zin finger transcription factor OXS2 (P93755), and nudix hydrolase 2 (AtNUDX2, Q94B74). Additionally, several genes encoding proteins present only in ERF019-7 control or waterdeficit stress samples and not in Col-0, were found to be targets of AtERF019, as revealed by a global survey of the Arabidopsis genome using the publicly available database (http://neomorph.salk.edu/PlantCistromeDB) (O´Malley et al., 2016) . The predicted targets include genes encoding OXS2 (At2g41900), MTHFR2 (At2g44160), KORRIGAN (At5g49720), CalS12 (At4g03550), and AtBGAL10 (At5g63810) (see Supplementary Table S3) . Genes of the AP2/ERF family were also detected as predicted targets of AtERF019, including ERF3 (At1g50640), ERF6 (At4g17490), ERF8 (At1g53170) and ERF11 (At1g28370).
To gather more information about the role of these proteins in water-deficit stress, T-DNA insertion mutants for BCAT3 and RTNLB2 genes were obtained from the Arabidopsis Biological Resource Center and genotyped to obtain homozygous lines. Plants of Col-0, bcat3, and rtnlb2 mutants were subjected to controlled water-deficit stress treatment (see Supplementary Fig. S8 ). During this treatment, plants did not die but growth and seed yield were affected. At the end of the life cycle, bcat3 plants yielded significantly fewer seeds than Col-0 and rtnlb2 (Supplementary Fig. S8 ). The difference in seed yield in the wild type and T-DNA insertion lines grown under non-stressful conditions was not statistically significant (data not shown).
Discussion
Previous data showed the rapid accumulation of AtERF019 transcripts after methyl viologen treatment of Arabidopsis leaves, which disappeared 24 h after treatment (Scarpeci et al., 2008) . This could be explained by the fact that AtERF019 is an intronless gene, which could generate less stable mRNA transcripts (Narsai et al., 2007) . These data suggested that AtERF019 gene expression is not only regulated by oxidative stress at the transcriptional level but that mRNA stability might also be affected under this condition. Here, overexpression of AtERF019 in Arabidopsis ERF019 lines led to an enhancement of water stress tolerance and a delay in flowering time and senescence. On the other hand, the size of ERF019 plant lines was inversely correlated with the level of AtERF019 overexpression (Fig. 1A-C) . Overexpression of the AtERF019 gene may cause an inhibition in cell expansion that could be lethal depending on the level of expression. This could also explain the pronounced dwarf phenotype in certain ERF019 lines. The dwarf phenotype was previously observed in transgenic Arabidopsis plants overexpressing ERF6 and was suppressed by overexpression of the ERF11 repressor (Dubois et al., 2015) . Other mutants showed this characteristic plant stress-related phenotype (Chaves et al., 2002) . Plants overexpressing CBF1-3 genes in Arabidopsis not only resulted in growth retardation and dwarfism but also in frost tolerance (Liu et al., 1998; Gilmour et al., 2004) .
Adult ERF019 lines showed leaf curling and smaller rosette size, with increased leaf number, compared with Col-0 plants ( Supplementary Fig. S1 ). Similar results were reported for the accession C24 (Bechtold et al., 2010) , suggesting that plants reduce water loss by altering vegetative growth. Furthermore, ERF019 lines presented abnormalities in cotyledons venation patterning and a more acute silique angle than those of Col-0 plants ( Supplementary Fig. S2 ). Defects in leaf size and shape are often a consequence of disruption of the vascular pattern (Dengler and Kang, 2001) . These data showed that constitutive expression of AtERF019 caused several pleiotropic effects on plant growth and development, which might be related to alterations in auxin signaling. In fact, changes in cotyledon venation pattern and angle of silique formation were previously reported in the auxin-resistant mutant axr6 (Hobbie et al., 2000) . Recently, several reports have indicated a role for auxin in senescence regulation, although their precise mode of action remains vaguely defined at present (Mueller-Roeber and Balazadeh, 2014) .
Plants of 63-day-old ERF019 lines retained a higher level of chlorophyll in comparison to Col-0 ( Fig. 2A and 2B ) indicating that AtERF019 overexpression elicited a delay in natural leaf senescence (Supplementary Fig. S1B ). Overexpression of AtERF019 delayed flowering and extended plant longevity for 2 weeks. The results shown in Figure 2A might therefore have been the consequence of both late flowering and a delay in the onset of leaf senescence. Furthermore, the extended delay in senescence observed in ERF019-6, -7 and -8 plants, coincided with several biochemical parameters assayed such as protein degradation, Rubisco LSU and GS1 and GS2 content ( Fig. 2C-E) . Masclaux et al. (2000) showed that in senescing tobacco a decrease in GS2 contrasted with a simultaneous increase of GS1. In addition, transcriptomic analyses have revealed the existence of crosstalk between stress responses and leaf senescence (Lim and Ng, 2007) . Furthermore, Arabidopsis mutants such as ore1, ore3, and ore9, which exhibit a delayed senescence and prolonged lifespan, were found to be more tolerant to oxidative stresses (Woo et al., 2004) . Young seedlings, 10-15 days old, of both Col-0 and ERF019 showed a similar behavior when subjected to drought or dark-induced senescence treatments (data not shown, Supplementary Fig. S4 ). Thus, it may be possible that AtERF019 interacts with downstream gene targets modulating stress responses coordinately with the developmental program. In fact, ERF11 together with ERF8 were found to be direct targets of AtERF019 and both partially rescued the dwarf phenotype of a gibberellin impaired mutant (Zhou et al., 2016) .
Plant tolerance responses to water-deficit conditions are exerted via several distinct mechanisms, such as stomatal regulation of transpiration, and cuticle and cell wall permeability (Kosma et al., 2009; Sirichandra et al., 2009) . Stomata play a significant role in plant adaptation to water-deficit stress since a restriction in their aperture avoids water loss. ERF019 plants had lower cuticle and cell wall permeability and a smaller stomatal aperture, two characteristics associated with water-deficit stress tolerance responses. The fact that ERF019 lines have smaller stomata aperture under optimal growth conditions would restrict carbon dioxide intake and consequently less carbon dioxide would be fixed in the cell. For this reason the amount of biomass would be lower, leading to smaller plants. Considering that ERF019 lines have smaller stomatal apertures and a less permeable cuticle and cell wall (Fig. 4C and 4D) , the transpiration rate would be lower, resulting in plants with higher tolerance to water stress than Col-0 plants.
Subtle changes rather than massive reprogramming of transcription networks is thought to occur in Arabidopsis plants subjected to water-deficit stress (Hummel et al., 2010) . We therefore conducted a proteomic study to gain a deeper understanding of the water-deficit stress tolerance mechanisms displayed by ERF019 plants subjected to a progressive soil water deficit. The proline content significantly increased in Col-0 water-deficit stress samples ( Supplementary Fig.  S6B ) as expected (Hummel et al., 2010) , validating the waterdeficit treatment performed. Using this approach, BCAT3 was one of the eleven proteins detected only in the ERF019-7 control sample. BCAT3 is localized to plastids and is involved in both branch-chain amino acid (BCAA) and glucosinolate synthesis (Diebold et al., 2002; Knill et al., 2008) . BCAT functions in the last step of the biosynthesis of BCAAs. In Arabidopsis, the BCAT2 gene was induced in response to dehydration stress and this fact positively correlated with the accumulation of BCAAs (Urano et al., 2009) . Nevertheless, the role of BCAAs in water-deficit stress tolerance is still unknown. Previous studies indicate that water-deficit stress alters the glucosinolate composition of plants and that the addition of exogenous glucosinolate hydrolysis products alleviates the adverse effects of this stress. However, the physiological role of these metabolites in response to this particular abiotic stress is still unclear (Martinez-Ballesta et al., 2013) . Since the bcat3 T-DNA insertion line was more sensitive to water-deficit stress than Col-0 plants ( Supplementary Fig. S8 ) and considering that BCAT3 protein accumulated at higher levels under control conditions in ERF019 plants compared to Col-0 plants, it could be argued that glucosinolates and BCAAs contributed to the higher tolerance to water-deficit stress shown by the AtERF019 overexpressing plants.
The zinc finger transcription factor OXS2 was another protein present in ERF019-7 plants but not in Col-0 plants under control growth conditions. The gene encoding OXS2 is predicted to be a direct target of AtERF019 (Supplementary  Table S3 ). OXS2 has been found to have multiple roles, such as the maintenance of vegetative growth, the activation of stress tolerance, and the control of stress-induced reproduction. Blanvillain et al. (2011) reported that the cytoplasmic form of OXS2 could be involved in floral repression by an unknown mechanism, and that it is translocated to the nucleus upon stress activation. In line with this model, the presence of OXS2 in the ERF019-7 plant could extend vegetative growth by suppressing floral transition (see Supplementary Fig.  S9 ) and by activating stress tolerance through the modified expression of genes associated with this response.
Arabidopsis plants do not accumulate glycine betaine in response to osmotic stress, even though their genome contains two genes, ALDH10A8 and ALDH10A9, which code for ALDH (Missihoun et al., 2011) . ALDH10A8 was one of the proteins detected exclusively in the ERF019-7 control sample. Previous studies showed that the inactivation of ALDH10A8 rendered Arabidopsis plants more sensitive to drought and excess salt, possibly due to increased intracellular levels of toxic aminoaldehydes in the knock-out mutant (Missihoun et al., 2011) . The authors hypothesized that ALDH10A8 may serve as a detoxification enzyme controlling aminoaldehyde levels, and that this function could ameliorate the effects of drought stress in ERF019 lines.
The AtNUD2X2 protein was only present in ERF019-7 plants subjected to water-deficit stress. Ogawa et al. (2009) showed that the expression of AtNUDX2 was similarly induced by treatment with methyl viologen, drought and salinity conditions. Furthermore, overexpression of AtNUDX2, encoding an ADP-ribose pyrophosphatase, enhances Arabidopsis plant tolerance to oxidative stress. This is due to the maintenance of NAD + and ATP levels by nucleotide recycling from free ADP-ribose molecules under stress conditions (Ogawa et al., 2009) . For this reason, AtNUD2X2 could be in part responsible for the higher tolerance of ERF019 lines to water-deficit stress.
Four proteins related to cell wall synthesis and metabolism -MTHFR2, CalS12, KORRIGAN, and AtBGAL10 -were notably also found to accumulate in ERF019-7 plant samples but not in Col-0 (Supplementary Table S2 ). Interestingly, the genes encoding these proteins were also found to be direct targets of AtERF019 in the Plant Cistrome database (O´Malley et al., 2016; Supplementary Table S3) . Firstly, MTHFR2 is involved in lignin accumulation (Tang et al., 2014) , a response believed to prevent cell wall damage when plants are exposed to water-deficit stress (Lee et al., 2007) . Secondly, CalS12 is associated with callose deposition (Flors et al., 2005) , which has been associated with drought protection by increasing the water holding capacity of plants (Ahmed et al., 2015) . KORRIGAN has been shown to play a significant role in cellulose biosynthesis (Maloney and Mansfield, 2010) , though its function in drought stress remains unclear. Finally, AtBGAL10 is an enzyme responsible for most of the β-Galactosidase activity against xyloglucan in Arabidopsis and may therefore be implicated in the modification of xyloglucan structure via the hydrolysis of the abundant β-Galactose units that comprise the xyloglucan side chains (Sampedro et al., 2012) . Even though little is known about changes in the cell wall itself, it is evident that these modifications may be important during the adaption of plant cells to water-deficit stress.
Overall, in light of the present findings, it is suggested that upon exposure to water-deficit stress, plants increase drought tolerance by inducing AtERF019 to strengthen their chances of reproductive success. This tolerance can be explained at the physiological level as ERF019 plants have smaller stomatal apertures and a less permeable cuticle and cell wall than Col-0 plants, resulting in a lower transpiration rate. At the molecular level, the enhanced performance of ERF019 plants under water-deficit stress could be explained by the higher amount of proteins involved in stress tolerance, such as BCAT3 and OXS2, and by cell wall metabolism ( Supplementary Fig. S9 ). Finally, the finding that overexpression of AtERF019 gives rise to drought tolerance and delayed leaf senescence supports the 'stress resistance' theory of aging in plants (SharabiSchwager et al., 2010) . This theory states that an enhanced resistance to internal or external stress also prolongs lifespan and longevity, supporting the possibility of crosstalk between the signaling pathways that regulate stress tolerance and senescence processes.
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